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Subsurface temperatures i n  northeastern Wyoming 
measured by bottom hole temperature records. 
by 
1 Kevin T. Ki l ty  
Introduct ion 
This  s tudy began as  a determination of  t h e  value of  subsurface temper- 
a t u r e  d a t a  i n  inves t iga t ing  groundwater flow i n  northeastern Wyoming. 
poor reso lu t ion  of much of t h e  temperature da t a  set makes geohydrologic 
i n t e r p r e t a t i o n s  based on it inconclusive. 
es t imat ing  subsurface temperatures i n  geothermal assessments, cor rec t ing  
borehole and surface r e s i s t i v i t y  da ta ,  and ca l cu la t ing  groundwater v i scos i ty  
The 
However, t he  d a t a  are usefu l  fo r  
values i n  reg iona l  flow models. I present the  d a t a  i n  two forms i n  t h i s  
paper. 
o f  t he  s tudy area.  
mated from the  subsurface temperature measurements. 
Table 1 contains temperature-depth r e l a t ionsh ips  f o r  s p e c i f i c  port ions 
Figure 1 i s  a contour map of geothermal grad ien ts  esti-  
Sources of da t a  and Corrections 
~~ 
I n  order t o  estimate temperature-depth r e l a t ionsh ips  o r  geothermal gra- 
d i en t s ,  one must have estimates of both sur face  and subsurface temperatures. 
Surface temperature d a t a  used i n  t h i s  s tudy came from t h e  compilation of 
Becker and Alyea (1964). 
p lo t t ed  aga ins t  e levat ion of t h e  recording s t a t i o n s .  
perature  decreases with increas ing  d is tance  north within t h e  s tudy area. 
The f igu re  also ind ica tes  t h a t  t he  surface temperature decreases with in-  
.creasing elevat ion,  although not a t  t he  ad iaba t ic  lapse rate, as  often 
Figure 2 shows t h e i r  sur face  temperature d a t a  
The mean sur face  tem- 
4610 Teller S t r e e t ,  Ifheatridge, Colorado. 
e 
TABLE 1. Temperature-depth r e l a t ionsh ips  
Location No. of Depth Range Temperature-depth Standard Maximum 
County-State points  (meters) Coeff ic ients* Error Deviations 
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FIGURE 2 Mean Annual Surface Air Temperature Versus Elevation 
assumed. 
on the  bas i s  of i ts  e leva t ion  and locat ion within the  s tudy area.  
One may use Figure 2 t o  es t imate  the  surface temperature of  a s i t e  
The subsurface temperature da t a  includes approximately 1,000 bottom hole  
temperatures read from o i l  well and gas wel l  headings on records a t  t h e  Con- 
serva t ion  Division of the  U.S. Geological Survey i n  Casper, Wyoming, and a t -  
# 
Petroleum Information Corporation i n  Denver, Colorado; approximately 50 t e m -  
pera ture  measurements made i n  water wel ls  i n  Wyoming and South Dakota (Table 
2); and a few temperature-depth curves from heat-flow s tud ie s  i n  Wyoming and 
South Dakota F a b l e  3).  
A l l  of  the  subsurface temperature da t a  contain random e r r o r s  and the  
bottom hole  temperatures contain both random and systematic e r ro r s .  There 
are severa l  means of cor rec t ing  the  systematic e r r o r  i n  a bottom hole tem- 
perature .  Chapman and Keho (1981) have described a cor rec t ion  method based 
on t h e  information recorded on t h e  wel l  record heading, such as time s ince  
las t  c i r cu la t ion  and t o t a l  d r i l l i n g  time. 
scr ibed  by Kehle (1972), was developed by members of t h e  American Association 
of  Petroleum Geologists, who found t h a t  t h e  systematic e r r o r  i n  a bottom hole 
temperature is highly cor re la ted  only with t h e  depth o f  t he  borehole. Through 
empirical  work, they determined a cor rec t ion  t o  be added t o  t h e  bottom hole  
temperature recorded on the  heading. 
i n  degrees centigrade is: 
A simpler cor rec t ion  method, de- 
The ana ly t i ca l  form of t h i s  correct ion 
cor rec t ion  = 7.6 + 6.3(d-1) - 1.4(d-l)  (d-2) - O.Ol(d-1) (d-2)(d-3). 
.Lower case !Id1! is  t h e  depth of t h e  measurement i n  kilometers, and the  correct ion 
is i n  degrees centigrade. 
1 compared thermal gradients  ca lcu la ted  from corrected temperatures taken a t  
severa l  d i f f e ren t  depths within t h e  same borehole. 
As a tes t  of t h e  consistency of t h i s  correct ion method, 
The r e s u l t i n g  gradients  
5 
E 
TABLE 2. Geothermal g rad ien t s  determined from Wyoming water well 
sample temperatures. 
Well Location by Depth Water Sample Average Comments 
S t a t e ,  County, Town- (met e rs ) Temper a t u r  e Gradient 
Sec t ion  K km-' 
sh ip ,  Range, and ("C) 
Converse Co., WY 
33 75 8dbb 
Converse Co., WY 
33 75 20aac 
Converse Co., WY 
33 76 16caa 
Converse Co., WY 
33 76 33cd 
Crook Co., WY 
52 63 25dc 
Crook Co., WY 
53 65 18bbd 
Johnson Co., WY 
41 78 l b c  
Johnson Co., WY 
43 80 34dad 
Johnson Co., WY 
46 84 6ddd 
Johnson Co., WY 
49 83 27bdc 
Natrona Co., WY 
33 77 15bcb 
Natrona Co., WT 
39 78 26cdc 
Natrona Co., WY 
39 79 l l a a d  
Natrona Co., WY 
40 79 25caa 
Natrona Co., WY 
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c TABLE 2. - continued 
Well Location by Depth Water Sample Average Comments 
S t a t e ,  County, Town- (meters) Temperature Grad i en t 
Sect ion K km-' 
sh ip ,  Range, and ("C) 
Natrona Co., WY 
40 79 3lbca 
Natrona Co., WY 
40 79 35ccc 
Sheridan Co., WY 
53 84 13ac 
Sheridan Co., IVY 
57 87 21db 
Weston Co., WY 
44 60 5bb 
Weston Co., WY 
45 61 20dca 
Weston Co., WY 
45 61 28ab 
Weston Co., WY 
45 61 29cbb 
Weston Co., 1VY 
45 61 30adb 
Weston Co., WY 
45 61 33ab 
Weston Co., WY 
46 60 31ba 
Weston Co., WY 
46 , 62 18bdc 
Weston Co., IVY 
46 63 lOdca 
Weston Co., WY 
46 63 l7cbc 
Weston Co., IVY 
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TABLE 2. - continued 
E 
Well Location by Depth Water Sample Average Comments 
S t a t e ,  County, Town- (meters) Temperature Gradient 
Sect ion K km-' 
Weston Co., WY 
46 65 20cdd 247 2 69.0 24.7 
shop, Range, and ( "C) 
Weston Co., WY 
46 65 23bad 2676 79.0 
Weston Co., WY 
47 60 4ada 116 10.5 
Weston Co., WY 







a TABLE 3. Gradients determined from temperature logs i n  Wyoming. 
Location and Depth Least Square Average 
I dent i f i cat ion  Range Grad i en t 
(meters) K km-' 
Comments I 
Converse Co., WY 
W i l l i a m  Barber 
32-74-03bcd 
Converse Co., WY 
Te r ra  Resources 
33-77-15bcbl 
Crook Co., IVY 
Madison test  hole-1 
5 7- 65 -15 
Johnson Co., WY 
Mobil Sa 
49-83-27 NE-NW-SE 
Niobrara Co., WY 
36-62-28 NW-NE 
ETSI-0-1 
Niobrara Co., WY 
36-62-28 CNW 





between 1000-2300 meters 
19.2 32.7 depth 
gradient  determined from 
log below cas ing  a t  approx- 
100-1 100 26.8 46.4 imately 700 meters 
gradient from lower h a l f  , 
only; temperature inver- 
30- 450 12.3 9.1 s ion  t o  175 meters depth 
lower h a l f  o f  ho le  was used 
for gradient  determination 
180- 920 25.0 55.4 
190- 430 80.0 97.6 
Niobrara Co., WY gradient determined 
36-62-21 SW-SE between 400-900 meters 
ETSI-0-5 175- 900 46.4 67.7 depth 
5 
i 
6 were within 2% of  one another ,  whereas they were of ten more than 5% d i f f e r e n t  
without the  correct ion.  
The formula f o r  computing a geothermal gradient  is: 
Gradient = ("corr - TS>/d 
. Tcorr  is  the  corrected bottom hole  temperature, Ts i s  the  surface temperature 
o f  t h e  s i t e ,  and d is t h e  depth of t h e  borehole. * 
The gradients  computed through t h i s  equation a r e  averaged t o  d i f f e r e n t  
depths. ' Because near ly  a l l  temperature-depth re la t ionships  have some curva- 
tu re ,  averaging gradients  t o  d i f fe ren t  depths w i l l  cause a l l  of the  grad ien ts  
ca lcu la ted  from deep boreholes t o  be biased low o r  high, depending on t h e  
loca l  curvature,  when compared with the  gradients  calculated from shallow bore- 
holes .  Gradients can be adjusted t o  a common depth, D ,  using t h e  equation: 
Adjusted gradient  = Unadjusted gradient  - c* (D-d)/2 
D is t h e  depth t o  which a l l  t h e  gradients  are adjusted,  d is  the  depth of t h e  
temperature measurement upon which the  gradient  i s  based, and c* i s  the  cur- 
va ture  of t he  temperature-depth r e l a t ionsh ip  appropriate  t o  the  a rea  (c* = 2c 
on Table 1). See a l so  Appendix A. 
Curvature i n  a temperature-depth r e l a t ionsh ip  may r e s u l t  from subsurface 
hea t  production, changes i n  thermal conductivity with depth, l a t e r a l  changes 
i n  thermal conductivity,  and groundwater flow. 
have any quant i ta t ive  d a t a  is  t h e  e f f e c t  of  subsurface rad ioac t iv i ty .  
4 summarizes the  subsurface hea t  production caused by rad iocac t iv i ty  a t  selected 
si tes within the  study area, and the  curvature t h a t  would r e s u l t  from t h i s  hea t  
production on a temperature-depth curve. 
is  the  na tu ra l  gamma borehole log. 
The only e f f e c t  f o r  which I 
Table 
The source o f  information i n  a l l  cases 
One may see t h a t  t he  curvature r e s u l t i n g  from radioact ive heat  production 
10 
TABLE 4. Average radioact ive heat-production and r e s u l t i n g  temperature- 
depth curvature. 
S i t e  Location Depth Range Radioact ivi ty  Equivalent Heat Resulting 
Count y-S t at e (meters) (mg Ra/ton) Production Curvature 
(ergs/gm-yrI I "C/m2) 
Harding, SD 1370-2700 4.95 260.5 -4. 2x10-6 
Cus ter, M t  . 460-1920 5.80 305.7 -5.  ox10-6 
Carter ,  MT 90-1500 4.80 253.0 -4. 1x10-6 
Johnson, WY 30- 460 6.00 316.2 -5.  1x10-6 
\ 
Johnson, WY 1900-2770 4.00 210.0 - 3 . 4 ~ 1 0 - ~  
Niobrara, WY 580-1070 6.00 316.2 - 5 . 1 ~ 1 0 - ~  
Crook, WY 2200- 2500 3.50 184.5 -3. O X ~ O - ~  
Campbell, WY 2150-3330 6.50 342.6 - 5 . 6 ~ 1 0 - ~  
11 
I 
is  approximately t h e  same magnitude as t h e  curvature ac tua l ly  found within I 
port ions o f  t he  study area (Table 1 ) .  
approximate because of t he  large number of assumptions t h a t  go i n t o  calcu- 
However, these  r e s u l t s  a r e  only 
l a t i n g  hea t  production from a gamma log value given i n  milligrams radium 
per  ton. Furthermore, s ince  one may expect t h a t  a combination o f  severa l  
processes determines the  curvature,  one should p robf i ly  not  use the  curva- 
t u r e  ca lcu la ted  from rad ioac t iv i ty  alone, but t he  curvature  ca lcu la ted  from 
the  temperature measurements themselves, i n  making gradient  correct ions.  
Geothermal gradient  contours 
Figure 1 shows contours of geothermal gradient ,  i n  degrees centigrade 
per  kilometer,  within t h e  study area. 
adjusted t o  a common depth of  one kilometer. 
The gradients  shown he re  have a l l  been 
The d i s t r i b u t i o n  of  d a t a  used 
i n  producing t h e  contours i s  a l so  shown. I t  i s  a r e l a t i v e l y  uneven d i s t r i -  
bution. I n  some areas ,  p a r t i c u l a r l y  near  t he  Bighorn Mountains, t he  contours 
a re  determined by only a few da ta  values.  Additional d a t a  i n  these  areas 
might change the  form of  t h e  contours subs tan t ia l ly .  . 
The median geothermal gradient i n  t h e  study a rea  is  36" C/km. Figure 3 
shows a histogram of  computed geothermal gradients  within t h e  s tudy area. I n  
general ,  t h e  elevated areas surrounding t h e  Powder River Basin pnd adjacent 
por t ions  of t h e  basin i t se l f  have lower than average gradients .  
arises from two causes. F i r s t ,  t h e  sur face  rocks i n  the  elevated areas a re  
o lder ,  more competent, and have a higher  thermal conduct ivi ty  than surface 
rocks i n  t h e  rest of  t he  s tudy area. Second, t he  elevated areas receive more 
p rec ip i t a t ion  than, and form the  groundwater recharge area f o r ,  the  basin. 
The recharging groundwater absorbs some of the  area's hea t  flow. 
This probably 




Mean.= 35.6t5.0 *C/km 
Median = 36 'C/km . 
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Creek a n t i c l i n e .  I have suggested (Kilty and Chapman, 1980) t h a t  these  
higher  grad ien ts  may r e s u l t  from heat being t r ans fe r r ed  by regional  ground- 
water flow over the  a n t i c l i n a l  s t ruc tures .  
Polynomial temperature-depth re la t ionships  
Table 1 summarizes temperature-depth r e l a t ionsh ips  f o r  s e l ec t ed  port ions 
of t h e  study area.  The por t ion  of the  study area  covered by a p a r t i c u l a r  
r e l a t i o n s h i p  was chosen i n  order  t o  have a near ly  constant  sur face  geothermal 
gradient .  Included i n  Table 1 a re  the  l o c a l i t y  over which the  r e l a t ionsh ip  
holds ,  t h e  number of values used i n  ca lcu la t ing  t h e  r e l a t ionsh ip ,  the  depth 
range covered by t h e  d a t a  values ,  the  coe f f i c i en t s  of  t h e  quadrat ic  poly- 
nomial descr ibing t h e  r e l a t ionsh ip ,  t he  standard e r r o r  involved i n  using t h i s  
quadra t ic  equation as  t h e  est imate ,  and the  maximum devia t ions  from t h i s  es t i -  
mate t h a t  were noted i n  t h e  observations. 
by a l e a s t  squares f i t  of t he  polynomial t o  t h e  observations and should be 
v a l i d  from t h e  ground sur face  t o  the  maximum depth indicated by the  depth 
The r e l a t ionsh ips  were determined 
i-ange. Extrapolating much beyond t h i s  depth may r e s u l t  i n  s u b s t a n t i a l  under- 
es t imates  (overestimates i n  the  case of Powder River County, Montana) of the  
subsurface temperature. As indicated by the goodness of fit (the square of 
t h e  co r re l a t ion  coe f f i c i en t ) ,  50% t o  95% of t h e  v a r i a t i o n  of temperature with 
depth may be explained by these  polynomial r e l a t ionsh ips .  The remaining var i -  
a t i o n  must be explained as  r e s u l t i n g  from l o c a l  va r i a t ions  i n  geothermal 
gradient  and random e r r o r s  i n  t h e  data.  
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Curvature on a temperature-depth r e l a t ionsh ip  
and t h e  co r rec t ion  f o r  it. 
In  a r e l a t ionsh ip  of the  form T = T(z) curvature i s  defined as t h e  
2 quant i ty  (d T/dz2) / (1+ ( d T / d ~ ) ~ ) ~ / * .  If t h e  f irst  der iva t ion ,  d t /dz ,  is not  
la rge ,  as  it never i s  i n  temperature-depth curves, t he  curvature  is near ly  
equal t o  t h e  second de r iva t ive  i t s e l f .  
* 
Thus: 
2 curvature = d?T/dz . 
The governing d i f f e r e n t i a l  equation of one-dimensional, s teady heat  
conduction is d T/dz2 = q(z) , where q (z) i s  the  heat production per  u n i t  2 
volume divided by t h e  thermal conduct ivi ty  of  the mater ia l .  If q(z)  i s  equal 
t o  a constant,  say  c, t h e  temperature-depth curve w i l l  have constant  curvature 
i n  a l l  depths. 
Let us suppose t h a t  c i s  t h e  constant  hea t  production divided by thermal 
conductivity.  The so lu t ion  t o  t h e  hea t  conduction equation i s  then 
T(z)  = To + Gz - (c/2)z2, where T i s  t h e  surface temperature, and G is  the  
surface gradient .  
0 
Thus, one-half of t h e  value of t he  constant c i s  equal t o  
t h e  quadrat ic  coe f f i c i en t  i n  the  temperature-depth re la t ionship .  
Suppose t h a t  one def ines  t h e  geothermal gradient as I have i n  th i s  manu- 
s c r i p t .  
bottom hole temperature was measured: 
I t  w i l l  be a function of t h e  depth,  d ,  of the  borehole i n  which the  
gradient  = Gd - (c/2)d2 = G - cd/2 
d 
Similar ly ,  t he  average gradient  t o  a d i f f e r e n t  depth, D,  i s  G - cD/2. 
correct ion f a c t o r ,  or t h e  d i f f e rence  between what should be two ca lcu la t ions  
of t he  same gradient ,  is  -c(D-d)/2, which i s  the  correct ion f a c t o r  i n  the  
The 
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